Fragile-X syndrome (FXS) is a frequent genetic form of intellectual disability (ID). The main recurrent mutagenic mechanism causing FXS is the expansion of a CGG repeat sequence in the 5′-UTR of the FMR1 gene, therefore, routinely tested in ID patients. We report here three FMR1 intragenic pathogenic variants not affecting this sequence, identified using high-throughput sequencing (HTS): a previously reported hemizygous deletion encompassing the last exon of FMR1, too small to be detected by array-CGH and inducing decreased expression of a truncated form of FMRP protein, in three brothers with ID (family 1) and two splice variants in boys with sporadic ID: a de novo variant c.990+1G4A (family 2) and a maternally inherited c.420-8A4G variant (family 3). After clinical reevaluation, the five patients presented features consistent with FXS (mean Hagerman's scores = 15). We conducted a systematic review of all rare non-synonymous variants previously reported in FMR1 in ID patients and showed that six of them are convincing pathogenic variants. This study suggests that intragenic FMR1 variants, although much less frequent than CGG expansions, are a significant mutational mechanism leading to FXS and demonstrates the interest of HTS approaches to detect them in ID patients with a negative standard work-up.
INTRODUCTION
Fragile-X syndrome (FXS) is the most common known form of inherited intellectual disability (ID) and its neurodevelopmental phenotype often overlaps autism spectrum disorder (ASD). 1,2 FXS occurs in both genders with an estimated prevalence around 1/5000 in males and 1/8000 in females due to variable expressivity and incomplete penetrance. The high prevalence, the inconstant morphological phenotype especially in young children (long habitus, a long narrow face, prominent forehead, large prominent ears, hyperextensible finger joints, single palmar crease and macroorchidism at puberty) and the behavioral features, which are not always discriminative (hyperactivity and/or short attention span, tactile defensiveness, hand flapping and/or hand-biting, poor eye contact, perseverative speech), 3 justify systematic FXS genetic testing in all patients with unexplained ID or autism spectrum disorder. 4 FXS is caused by the absence of Fragile-X Mental Retardation Protein (FMRP), an intracellular RNA binding protein. This absence dysregulates dendritic signaling pathways and affects brain hippocampal synaptic plasticity 5, 6 through incompletely understood mechanisms. The main recurrent mutagenic mechanism leading to the absence of FMRP is CGG-repeat expansion in the 5′-untranslated region (5′UTR) of FMR1, 7 inducing abnormal methylation of this region followed by transcriptional silencing. This repeat expansion is believed to explain at least 99% of FXS cases. 8 Around 1-2% of all children with developmental delay are found to have FXS caused by a CGG expansion. 4 However, others disease-causing FMR1 variants have also been reported, including large gene deletions, 5′UTR or exon 1 deletions associated or not with a full FMR1 CGG expansion in the mother, [9] [10] [11] [12] [13] [14] [15] as well as a very small number of single-nucleotide variants (SNVs) in the FMR1 coding regions. Direct sequencing of FMR1 was not frequently carried out, and only a few groups have screened for variants in FMR1 coding regions in clinically relevant cohorts presenting 16, 17 or not [18] [19] [20] alterations of FMRP at the protein level. Two other studies were conducted on unspecific ID patients. 21, 22 This lack of FMR1 sequence screening has led to a marked deficit in the description of small exonic deletions or SNVs.
In this study, we report the clinical and molecular descriptions of three FMR1 variants identified by targeted high-throughput sequencing (HTS) of several hundred ID genes in 940 patients with unexplained ID and negative results following routine FXS screening: a maternally inherited deletion of the last exon of FMR1 previously reported in a family with presumed X-linked ID 23 and two novel intronic substitutions, one de novo and one maternally inherited, affecting splicing in two sporadic male patients with ID. We also reviewed the other FMR1 variants described in the literature in patients with ID and concluded that six of them are convincingly pathogenic or likely pathogenic. Together with our results, there are now nine intragenic pathogenic variants in FMR1 outside the 5′UTR causing FXS.
PATIENTS AND METHODS Patients
Patients III:1, III:2 and III:3 from pedigree 1 are three male siblings aged 50, 48 and 47 years. All display ID and were negative for routine FXS testing and array-CGH analysis, despite a suspected X-linked inheritance pattern (Figure 1a ). They were part of the series of 100 patients with marfanoid habitus (MH) and an associated ID-phenotype published in 2013. 24 Proband III:1 was included in a cohort of 106 ID patients who underwent targeted HTS of 217 ID genes and for whom we previously reported the sequencing results. 23 Patients from pedigree 2 ( Figure 3a ) and from pedigree 3 (Figure 3b ) presented undiagnosed ID and underwent routine FXS testing and array-CGH analysis. They were both included in second series of 834 additional ID patients for whom we sequenced coding regions of 275-451 ID genes. This study was approved by the local Ethics Committee of the Strasbourg University Hospital (Comité Consultatif de Protection des Personnes dans la Recherche Figure 1 Pedigree (a) and photographs of the first family of three affected brothers with ID (patient III:1 (b, e, f), patient III:2 (c, g, h), patient III:3 (d, i, j)).
Intragenic FMR1 changes in Fragile-X syndrome A Quartier et al Biomédicale-CCPPRB). For all patients, written informed consent for genetic testing was obtained from their legal representative. For all the patients presented in this paper, families also gave consent for the publication of photographs.
Targeted high-throughput sequencing, bioinformatic pipeline and variant ranking DNA was prepared as described previously. 25 
Reverse clinical phenotyping
All patients were reevaluated using the Hagerman checklist. 3 Patients from family 1 underwent clinical and behavioral evaluations after obtaining the molecular diagnosis in order to determine if they were a posteriori compatible with the FXS phenotype. The index patient III:1 had a standardized assessment by a multidisciplinary team, including a clinical geneticist, a psychiatrist and a neuropsychologist, in the presence of his referral caregiver, in order to provide a neurodevelopmental, psychocognitive, emotional and adaptive picture of his functioning. The clinical examination comprised a neurological evaluation, the examination of malformative or dysmorphic features (face, trunk, extremities and whole body; Figure 1 ). The interview concerned sleeping, feeding and digestive features. HistoFry data were collected using the Achenbach System of Empirically Based Assessment for Adult, ASEBA. The Wechsler Adult Intelligence Scale-Fourth Editionwas used. It included verbal and non-verbal tasks and four index scores: the Verbal Comprehension Index, the Perceptual Reasoning Index, the Working Memory Index and the Processing Speed Index. The Full Scale Intelligence Quotient was determined, as were specific index skills, significant gaps between subtests, and more generally strengths and weaknesses of the intellectual cognitive profile. Patient III:2 was also assessed for social cognitions using the Social Perception domain of the Neuropsychological Assessment-Second Edition, with an analysis of the recognition of facial emotions. Finally, the Vineland Adaptive Behavior Scales-Second Edition (Vineland-II, VABS) was used in a semistructured interview with the referral caregiver, to determine ages of development in each area. 32 It assesses socialization (interpersonal relationships, games and leisure, coping), communication (receptive, expressive and written), autonomy in daily living activities (personal, domestic, community) and motor skills (gross, fine). Sibling patients III:1 and 3 were phenotyped in their specialized residential institution in the presence of the care and educational team by a psychiatrist and a clinical research assistant trained in administering the Vineland Adaptive Behavior Scales-Second Edition (Vineland-II, VABS).
Literature and database review of FMR1 variations
We compiled the rare non-synonymous variations previously identified in the different studies, which screened for FMR1 coding sequences in patients with ID over the last 20 years. These studies can be classified into three groups. The first group concerned studies conducted on a cohort of ID patients with a phenotype evocative of FXS but negative after CGG expansion testing. [16] [17] [18] [19] [20] FMR1 coding regions were screened for single-nucleotide SNV (using heteroduplex analysis, single-strand conformation analysis, genomic or cDNA Sanger sequencing) either directly or only in patients in whom the FMRP protein was found to be absent (by western blot). The second category of studies analyzed FMR1 coding sequences in male ID patients, with no specific clinical orientation, using high-resolution melting, Sanger or HTS). [21] [22] [23] The third one included large-scale studies in which FMR1 was sequenced together with other genes in unspecific ID (large panels, X-exome, exome, genome). 33 
RESULTS

FMR1 exon 17 deletion previously identified in three brothers with ID leads to a truncated FMRP protein (family 1)
In family 1 (Figure 1a) , deletion of the last exon of FMR1 (exon 17) was previously detected by targeted HTS of 217 genes performed on patient III:1. 23 No reads were obtained for this exon in the patient while a high depth of coverage was observed for the other samples of the same sequencing batch (depth of coverage of 210 ± 92 reads for males; Supplementary Table S1 ). An array-CGH previously performed on the patient was reanalyzed a posteriori and confirmed this result, revealing two consecutive probes (below the detection threshold of three) deleted in this region (Figure 2a ). The deletion of exon 17 was confirmed by PCR using primers located at either side of the exon revealing no amplification in the three affected brothers (III:1, III:2 and III:3; Figure 2b ). Genomic qPCR analysis revealed that this deletion was present at the heterozygous state in their unaffected mother and was not found in their two maternal aunts, leading to a reassuring genetic counseling for the other family members (Figure 2c ). RT-qPCR showed that FMR1 RNA was expressed at a normal level in blood extract and lymphoblastoid cell lines from patient III:3 (Figure 2d ), suggesting it escapes nonsense-mediated mRNA decay. We investigated the consequences of the loss of exon 17 and its acceptor splice site on FMR1 mRNA. We observed a retention of the beginning of intron 16 in FMR1 mRNA from patient III:3 while this was not observed in mRNA from an unrelated individual 4 ( Figure 2e ). This insertion of intronic sequence, r.1737_1738ins1737 +1_?, leads to a frameshift resulting in a premature stop codon at position 589 instead of 633: p.Ile580fs*9. Western blot analysis confirmed the existence of a truncated form of FMRP protein in patient's cells with an~10% reduction in size (~75 vs~85 kDa) consistent with the loss of 44 amino acids (Figure 2f ). The expression of this truncated form in patients was lower that the expression of normal FMRP protein observed in controls (~50% lower levels of truncated FMRP in lymphoblastoid cells from patients III:1 and III:3), suggesting reduced stability of the truncated protein.
The three affected brothers of this family experienced a diagnostic odyssey lasting many years. Patient III:1, aged 50, is a protected adult under tutorship, living in a specialized institution with patient III:3. He is the most severely affected of the siblings. He has a narrow, elongated face with a prominent forehead (Figure 1 ), macroorchidia and mild gynecomastia. When examined, he was non-verbal pronouncing only syllables and a few simple words. He suffered from currently controlled epilepsy. He presents behavioral problems (longstanding food selectivity, opposition attitudes, one episode of aggressiveness towards others and himself). Patient III:2, aged 48, presents moderate ID and is a protected adult under tutorship, living and working in a specialized institute. He has a long, thin habitus in spite of standard measurements, and an elongated face with thick lower lip (Figure 1 ). He was described as fearful, avoided eye contact and had an anxious bearing. He did not express himself spontaneously and answered questions briefly in a few words. He had developed coping skills for daily life situations. Patient III:3, aged 47, was a protected adult under tutorship. He had a long, thin habitus in spite of standard measurements, a narrow, elongated face and prominent ears and forehead. He had macroorchidia. He was non-verbal. He did not present any aggressiveness towards others or self-injurious behavior. He developed social relationships despite some non-pervasive rituals and stereotypies. Complete neuropsychological evaluations were performed to assess the severity of impairments and their impact on intellectual functioning and adaptative behavior (Vineland, Wechsler Adult Intelligence Scale-Fourth Edition, Neuropsychological Assessment-Second Edition, Supplementary Information and Table 1 ). Hagerman scores for the three brothers were calculated. Two of the three brothers had a score above 16 (Table 2 ). Intragenic
Identification of two novel intronic variants affecting FMR1 splicing (families 2 and 3)
In the second family (Figure 3a) , targeted HTS of 451 ID genes revealed a substitution c.990+1G4A, predicting to disrupt the splice donor site of exon 10, in one boy presenting sporadic ID. This substitution was not present in maternal blood DNA suggesting a de novo inheritance. Analysis of RNA from the patient's blood demonstrated that this variant led to an aberrant splicing event, skipping exon 10 entirely. The loss of this 110pb exon (r.881_990del) leads to a frameshift after amino acid 294 and to the appearance of a premature stop codon: p.Lys295Asnfs*11. The resulting truncated protein lacks essential domains such as the nuclear export signal and the RGG domain responsible for the interaction of FMRP with target mRNAs. The proband, aged 10 years, was the first child of healthy parents, with no other case of ID in the family. A younger brother had normal development. The pregnancy and delivery were uneventful. His birth length (50 cm), weight (3350 g) and head circumference (34.5 cm) were normal. His motor skills were delayed as he could not walk before the age of 24 months. At age 3 years, he had no language and normal hearing. At that time, he began to show features of repetitive behavior as well as hand flapping, and avoided physical contact. Physical examination revealed hypotonia with valgus feet and knees. He had a high forehead, a coarse face, a wide mouth with an everted lower lip. His ears were of normal size, but abnormally shaped ( Figure 3a) . He had clinodactyly of the fifth fingers, square feet with short toes and a shawl scrotum. At age 10 years, his height was at +1 SD, weight at − 0.5 SD, and head circumference at the mean. His behavior was marked by autistic traits, making physical examination difficult. He did not have any neuropsychological evaluation. He needed to be educated in a specialized school. His shawl-shaped scrotum could have suggested an Aarskog syndrome, but the lack of other major signs as facial dysmorphism and growth retardation (Table 2 ). In the third family, targeted HTS of 451 ID genes revealed an intronic substitution c.420-8A4G (Figure 3b ). This substitution was present in maternal blood. This variation was predicted to decrease the use of the normal splice acceptor site according to three prediction programs (score decrease for SpliceSite Finder: − 100%, Genesplicer: − 100% and MaxEnt: − 52%, no change for Nnsplice and Human Splicing Finder). It also created a cryptic intronic acceptor site with high prediction scores of being used (SpliceSite Finder: 83.8 (0-100), MaxEnt: 8.1 (0/16), Nnsplice: 1 (0-1), Genesplicer: 5 (0-15) and Human Splicing Finder: 84 (0-100)). Analysis of mRNA in the patient's blood demonstrated that this variant led to at least one aberrant splicing event (Figure 3c ) with the use of this cryptic intronic acceptor site, leading to the retention of seven nucleotides of intron 5 (r.419_420ins420-7_420-1). This leads to a frameshift after amino acid 140 with the appearance of a premature stop codon three amino acids downstream, p.Met140Ilefs*3. The resulting truncated protein lacks essential domains such as the nuclear export signal and the RGG domain responsible for the interaction of FMRP with target mRNA. This proband, aged 20 years, was the second child of unrelated healthy parents. The older sister does not present any cognitive or health problems. The pregnancy was characterized by maternal depression without exposure to teratogens; the delivery was uneventful. His birth measurements and APGAR scores were normal (length: 52 cm, weight: 3310 g, head circumference: 33.5 cm, APGAR 10/10). He presented a strabismus that was corrected by surgery at the age of 7 years. He had axial hypotonia in his first year and walked at the age of 23 months. Language delay was noticed without hearing impairment. He presented stereotypies and features of repetitive behavior such as rocking and hand flapping, and a high level of change-related anxiety. He went to a specialized school. At age 20.5 years, he had a normal height, weight and head circumference (176.6 cm, 59.2 kg and 57.5 cm). A long face and mild clinodactyly of the third and fifth fingers were noted. Karyotype, array-CGH and the FMR1 CGG expansion test were negative. Standard metabolic tests did not reveal any anomalies and investigations for ARX recurrent 24 bp duplication or 22q11 microdeletion were returned negative. No X-inactivation bias was identified in the patient's mother. Brain magnetic resonance imaging, performed at 21 months, did not reveal any significant abnormalities: a mildly short splenium was noted. His Hagerman score was 14/26 ( Table 2 ). Other FMR1 point variations reported in individuals with ID and in the general population Whereas it is clear that CGG-repeat expansion in the FMR1 promoter is by far the most frequent cause of FXS, other types of variations, particularly FMR1 deletions, have also been reported in FXS. 9 Deletions of the entire gene or of its first exon, 10-12 associated or not with full FMR1 CGG expansion in the mother, [13] [14] [15] have been found by conventional CGG expansion testing or by microarray analysis. Since 1992, screening for variations in the FMR1 coding sequence, performed in Fragile-X-evocative or nonspecific ID patients without expanded CGG-repeats and subsequent methylation, [16] [17] [18] [19] [20] 22, 23 has led to the identification of several rare intragenic non-synonymous variations within the FMR1 locus (Table 3 and Supplementary Table S2) . We have also compiled the rare non-synonymous variants identified in FMR1 during large-scale studies (large panel, X-exome or wholeexome sequencing) performed on ID patients by other teams: only missense variants but no truncating variants were identified in the 3180 individuals tested. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] We reanalyzed all these variants in FMR1 in the light of new public sequencing data (Exome Variant Server and the ExAC project, supposed to be free or at least not enriched in severe developmental disorders), prediction tools and functional evidence. Altogether, six previously reported variants could also be reclassified as disease-causing (pathogenic-class 5 or likely pathogenic-class 4 variants, summarized in Table 3 and in Figure 4 ). Half of them are truncating changes (p.Thr125Leufs*35, c.52-1_52delinsTA and p.Ser27*) and the other half are missense changes (p.(Phe126Ser), p.(Gly266Glu) and p.Ile304Asn) not reported in EVS nor ExAC, occurring de novo and/or and having a functional impact in vitro (neurons) or in vivo (knock-in mice). [16] [17] [18] [19] For the other missense variants reported, some are predicted to be damaging (SIFT, Polyphen2), but neither the amino acid changes by themselves nor the phenotypes of patients make it possible to draw any clear conclusions about their pathogenicity and we thus considered them 'variants of uncertain significance' (VUS). 11, [20] [21] [22] Some missense variants were even classified as 'likely benign'. One of them, p.Asp438Asn, located in the nuclear localization signal of FMR1, was identified by targeted HTS of 217 ID genes in two brothers with no morphological symptoms of FXS but with FXS neurodevelopmental phenotype: further familial segregation analysis showed that one unaffected half-brother also carries this variation too thus suggesting that it is a benign variant. 23 Besides these non-synonymous variations, an intronic variant, c.990 +14C4T, first described as altering the splicing of exon 10 was reported 20 years ago in three unrelated ID males, 20 but this result was controversial since this variation was also identified in healthy control individuals. 43 Data from ExAC confirmed the polymorphic status of this variation, present at the hemizygous state in more than 4000 males of this general population. In this ExAC general population, three variations predicted to affect splice sites are reported at the hemizygous state: a recurrent disruption of the exon 12 splice acceptor site present in 44 hemizygous males, and two unique substitutions of either the exon 12 splice donor site or the exon 16 splice acceptor site. The skipping of these exons is thought to lead to in-frame deletions in FMRP protein sequence (21 amino acids lost for exon 12 and 8 amino acids for exon 16). Moreover, exon 12 is found alternatively spliced and included in only some of the different isoforms. This suggests that exon 12 and its encoded amino acids (a.a. 376-396 in NM_002024.5) might be dispensable. A total of 29 missense variants affecting the longest isoform NM_002024.5 of FMR1 predicted to have benign or damaging effects are also reported at the hemizygous state in 236 males of the ExAC population (Supplementary Table S3 ). Therefore, data from this general population underline that one should interpret non-synonymous variations identified in the FMR1 gene with caution, even if they affect conserved amino acids and are predicted as damaging, and especially if patients are not clinically evocative of FXS.
DISCUSSION
We report here the cases of three brothers with ID of presumed X-linked inheritance and a phenotype compatible with FXS and two sporadic male patients from other families, all negative for routine FXS testing. In the first family, deletion of the last exon of FMR1 (exon 17) detected by targeted HTS of 217 genes performed on index patient 23 was confirmed in the two affected brothers by PCR. This deletion led to a decreased expression level of a truncated form of FMRP. These are the first cases of a single exon deletion not comprising the 5′UTR or exon 1 of the FMR1 gene, and therefore the first deletion to escape both expansion testing and CNV search by array-CGH. This illustrates the power of HTS in identifying small CNVs. In the second and third families, variants that altered splicing and led to frameshifts and early truncated proteins were identified. FXS is almost exclusively diagnosed by molecular testing for CGG repeat expansion. Indeed, as FXS is not always clinically obvious, especially for prepubertal children, the CGG-repeat test, which is cheap and fast, is the standard of care for any child not meeting developmental milestones and is one of the most frequently ordered genetic tests. Among all children with developmental delay, the actual diagnostic yield of FXS testing is only 1-2%. 4 CGG-repeat expansion in the FMR1 promoter is the most frequent cause of FXS, but deletions of the entire FMR1 gene [10] [11] [12] or of the 5′UTR have also been reported in FXS. 9 Rare intragenic non-synonymous variations have also been identified within the FMR1 locus [16] [17] [18] [19] [20] 22, 23, 35, 41, 42 but after reanalysis in the light of new public sequencing data, prediction tools and functional evidence, we showed that only six could be reclassified as convincing.
Altogether, in the cohort of 940 French individuals with nonspecific ID and a negative FMR1 CGG expansion test, three intragenic pathogenic FMR1 variants were identified, thus accounting for a non-negligible proportion of ID cases (0.3%). However, if we consider the other HTS studies performed on nonspecific ID patients, the mutation yield is lower: only one convincing disease-causing missense variant p.(Phe126Ser) in 3180 individuals with ID (plus four variants of unknown significance). Therefore, except for recurrent CGG expansion, the FMR1 gene is infrequently mutated in ID as compared with other genes of the same or a smaller size, such as RPS6KA3 or MECP2. 44 The six patients reported in the literature and carrying convincing pathogenic variants in FMR1 mainly come from series of patients with clinical features evocative of FXS. They all present a long face and large ears, and except for the prepubertal patient, macroorchidism. We describe here five other patients with unexplained ID, who were negative for Fragile-X testing of the CGG expansion, who carry FMR1 changes. Fine reverse phenotyping of the three adult siblings of the first family carrying the exon 17 deletion revealed the dysmorphism and behavioral phenotype of the FXS spectrum. They present various dysmorphic features that have been reported in FXS, although more typical in patient III:2 than in his siblings, and two of them had macroorchidism. Although nonspecific, their cognitive evaluations were also compatible with FXS. Two of the brothers obtained high scores for the FXS evaluation established by Hagerman et al. 3 (17/26 and 18/26 for individual III:1 and III:3, respectively), corresponding to what is observed in patients carrying the CGG-repeat expansion (mean score of 17.3). The third brother had a lower score (14/26), as his dysmorphic features were less pronounced, but his score was still above the mean score obtained for non-FXS ID patients. 3 Reverse phenotyping was more difficult in the young boy from the second family and the young adult of the third family, since the dysmorphic features and macroorchidism tend to appear or increase with age, but they had some neuropsychological features, especially autistic traits, consistent with FXS. In contrast, they both presented without hyperactivity and without macroorchidism and had moderately high Hagerman scores (15/26 and 14/26 respectively). It was particularly difficult to suspect FXS in the patient of the second family and, due to the de novo occurrence of this variant, there was no history of ID in his family. Together, considering the five patients described here and the six from the literature carrying pathogenic variants in FMR1, we found no obvious clinical differences between patients with intragenic changes compared and those with classic CGG expansions. The two boys of the second and third families present a milder phenotype than do the three affected brothers of the first family, even though they carry variants leading to more prematurely truncated FMRP protein, lacking several essential functional domains. This study confirmed that other types of FMR1 changes, besides classic CGG expansions, which could not be diagnosed through standard tests, may cause an FXS phenotype.
In conclusion, this report enlarges the molecular description of FXS, with the description of five individuals carrying intragenic pathogenic variants of FMR1. In total, nine pathogenic non-synonymous changes (loss of function and missense variants) are now described in FMR1 in 11 individuals with a compatible FXS phenotype. We demonstrate the interest of HTS in identifying FMR1 intragenic deletions and SNVs in ID patients with a negative standard work-up. The increasing use of HTS in CGG expansion negative patients with ID will lead to the identification of all types of variants (SNVs and CNVs) affecting FMR1 coding sequences and determine the true frequency of FXS in ID. However, classical CGG expansion will still need to be tested separately, as current HTS methods fail to detect them. Making a diagnosis of FXS is of particular importance at two levels. First, genetic counseling for patients' families is essential due to the high risk of recurrence of this dominant X-linked form of ID. Second, numerous targeted therapeutics for FXS are being developed, 45, 46 and some FXS patients are already benefiting from some of these treatments. 47, 48 
